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PREFACE 


The development of automatic radar detection systems has 
focused attention on the effects on the performance of a radar 
receiver of the interfering pulses from other radars. It is 
essential to the successful performance of an automatic system 
that the false indications caused by interference be almost 
completely suppressed. This paper is a mathematical investiga- 
tion of one type of radar receiver which discriminates against 
false target indications. A double threshold radar receiver is 
found to be capable of controlling the false target interference. 
The double threshold receiver is shown to have a slightly lower 
radar range Capability than a normal receiver. 

Sincere thanxs are due Mr. John Mallett and Dr. Peter Swerling 
of the RAND Corporation, Santa Monica, California, for their 


guidance and assistance in the pursuit of this investigation. 


5 haf 





[tem 


Chapter [ 
Chapter [I 


Chapter [TI 
Chapter [V 


Chapter V 
Chapter vI 
Ribliography 


Appendix Jf 
Appendix JJ 


Figures 


THURGAMC lL VOM o:< 


TABLE OF CONTENTS 


Title 


Signal Netection Theories........ 


The pouble Threshold Receiver - 
Non-fluctuating Target Rchoes.... 


The Double Threshold Receiver - 


Piuetuatine Parecet. wenoes is... 


Antenna Beam Shape Effects....... 


Concluslonsu.. 


e 


Stochastic Nevendence of False Alarms 
DCM CeMtaranle CALESan. css ek 4 vee ewds oe 


Nerivation of the Antenna Ream 


Shape Nensity Function...... 


o@¢ee4¢¢#@¢¢@ 


aga 


Page 





13 


el 
val 
2 


20 


a 


30 
32 





TABLE OF SYMBOLS 


Signal-to-Noise Power Ratio. 


Integration Number (for a scanning radar, the number of 
target echoes each time the antenna scans past the target). 


False Alarm Time 


False Alarm Number; number of range gates occurring 
in the false alarm time. 


Second Threshold Number. 

First Threshold; power level. 

Number of range gates per second. 

Range gate width in seconds. 

Radar repetition frequency, cps. 

Average number of random interfering pulses per second. 
Average number of interfering pulses per gate width. 
probability of a false alarm in one range gate. 


probability of one or more false alarms in time equal 
to Te 


Probability of detection of a signal of signal-to- 
noise ratio x in one range gate. 


probability of detection of a signal in N repetition 
periods. 


iv 








CHAPTER I 


INTRODUCTION 


the continuing development of radar systems in recent years has led 
to an increasing usefullness of these systems for search and for control 
functions. The operational occa ANA of radar by the armed forces, 
even though high at the end of world War II, has continued to grow ever 
since. Operational planners have called for greater and greater numbers 
of radars to meet the service requirements. Fut with this growth in 
numbers of radars the effect that they would have upon each other has 
been rather generally ignored. A basic analysis of the numbers of radars 
involved in current plans indicates that a very high signal density is 
developing in all operating areas. A radar receiver in this operating 
situation will intercept the pulses transmitted by many other radars in 
the area and rae have to contend with the large numbers of false indica- 
tions which these interfering pulses will cause. 

The presence of randomly occurring interfering pulses intercepted 
by a manned search radar are presently not a primary limitation on the 
performance of the radar system. These interfering pulses, tne trans- 
mitted signals of other radars, appear on the PPI scope of a search radar 
as false targets; however, in nearly ali cases proper training otf the 
radar operator permits him to evaluate them correctly, and the overall 
System (radar-plus-operator) performs properly. In some dense Signal 
environments the training necessary to permit the Operator to identify 
false targets caused by interfering Signals may become lengthy. However, 


he eventually is able to carry out his role as the essential evaluation 








element in the radar system. [In some locations in England today, where 
the density of radars is relatively high, the numbers of interfering 
pulses are so great that a new operator in a GCI radar installation re- 
quires approximately one week of training to become familiar with the 
many false targets presented by the transmissions of other radars. 

With the advent of more nearly automatic systems, the presence of 
false targets becomes a primary limitation on system performance. with 
new air search radar systems and with guided missile systems the trend 
is to remove the operator from the system and to substitute automatic 
computers of various degrees of complexity. In these systems the random-~ 
ness in space and in time of the false targets makes it extremely diff- 
icult if not impossible to handle them properly in the computers. Inter- 
fering pulses can cause the performance of these automatic and semi- 
automatic systems to break down completely. The computers cannot eval- 
uate large numbers of false targets correctly, and the system approaches 
such a state of saturation that an actual target would very probably be 
missed. fhe large numbers of radars now coming into use in our armed 
Services are causing an ever-increasing density of signals which the 
automatic systems must contend with. Consideration of present radars 
indicates that a search radar in the x-band would now be confronted with 
an interference density level of several thousand pulses per second. 
Acquisition of new radar systems will steadily increase this figure. 

The development of a radar receiver that can eliminate large numbers 
of interfering pulses without a significant loss in its actual target 
eorer tion capability becomes a matter of paramount concern. [f this can 
be accomplished, then the data actually fed to the computers can be 


handled correctly resulting in an overall efficient and accurate system 





performance. This report is an investigation, by use of a mathematical 
model, of a method for handling interfering pulses in the radar receiver. 

One characteristic of the interfering pulses which can be useful in 
distinguishing them from target echoes is their randomness of occurrence 
in space and time. As the rotating antenna of a search radar scans past 
a target all of the target echoes occur at very nearly the same range. 
With most present air search radars the antenna rotation rate, the beam 
width, and the pulse repetition frequency are such that from ten to fifty 
echo pulses can be expected to be returned from a target in one scan of 
the antenna. During this short interval of time (approximately 0.05 to 
O.1 seconds) the target range: cannot change appreciably (in 0.1 second 
a 1200 knot aircraft travels approximately 70 yards). The interfering 
pulses which may be intercepted by the radar in this same time interval 
occur at random, and the probability that more than a very few occur at 
times corresponding to one range in the search radar becomes very small. 
It is proposed that this difference between interfering pulses and actual 
target echoes be utilized in a radar receiver system designed to suppress 
the false targets. 

A receiver with this capability would conceivably be designed with 
its effective search range divided into discrete range intervals. If 
each of these range intervals corresponded to the pulse duration, then 
the returned target echoes would occur in one interval or in two adjacent 
intervals. A target would be announced only when the number of signals 
occurring in one range interval in the time equivalent to the antenna 
scanning past a target exceeded some preassigned number. This number 
would be established high enough to minimize the probability of a false 
target indication from randomly occurring interfering pulses while still 


permitting an actual target to be recognized. 





CHAPTER II 
SIGNAL DETECTION THEORIES 


Before proceeding with a detailed analysis of the performance of a 
radar receiver of this type it would be well to review the work on radar 
signal detection theory that has been accomplished in recent years. 
workers at the Bell Laboratories and at the RAND Corporation have identi- 
fied the statistical nature of the noise in a radar receiver and have 
employed the laws of statistics to develop a theory for the probability 
of detection of a target. 

The basis of all of the theories on the statistical nature of signal 
detection is the work of S. 0. Rice s |. He has defined the probability 
distribution function for noise and has developed the distribution func- 
tions that describe the effect of filtering. 

Both the thermal noise voltage across a resistor and the noise volt- 
age due to the shot effect in a vacuum tube approach a normal distri- 
bution when the number of electrons involved per second in the processes 
tends toward infinity. In practice, it may usually be assumed that the 
total noise voltage between any two points due to any combination of 
thermal, shot, and cosmic noise sources can be represented by the distri- 
bution function 

il V/oy 
P= [eTpT (1) 
where Wa is the mean square value of the noise voltage. This distri- 
bution is valid provided all elements involved in the composition of the 
total noise voltage have been linear. 


If this noise is now passed through a linear filter of center fre- 





quency f, » having a pass band which is narrow compared to fp, » the 
output will have an envelope which has a probability density function 
R  - R*/2po 
= e (2) 
Wo 
where R is the amplitude of the envelope. Wo is the mean square 





noise voltage, given by 


0 
Wo 2 { w(f) af (3) 


w(f) is the power spectrun of the filter. 
If the input to a filter consists of a sine wave of frequency f,, 


as well as noise, then the probability density function of the output 


envelope is 2 9 
(R4-P*) 
R = Sie RP | 
je yy e [oO Yo R ? O (4) 


p-0 R< 0 


where Pp is the amplitude that the sine wave would have at the output 
of the filter in the absence of noise and [o is the modified Ressel 
function of the first kind. 

The envelope of the output has a correlation time which is approxi- 
mately equal to the reciprocal of the bandwidth of the filter. Thus, 
it is improbable that the envelope will change by an appreciable per- 
centage in times much less than the correlation time, but it is quite 
probable that it will change by a goodly percentage in times large 
compared with the correlation time. [t is therefore assumed that values 
of the envelope 1/ Af seconds apart are independent, where A\f is the 
bandwidth of the filter. 


Starting with these basic expressions, J. J. Marcum of the RAND 


Corporation [: | and —, L. Kaplan of Rell laboratories [1 / nave 





independently developed theories of signal detection by pulsed radar. 
These two have used slightly different mathematical definitions for 
the process of detection. For this reason, the mathematical steps 
leading to the final result are different. The final results in the 
two developments can be shown to be equivalent. 

Marcum assumes that the radar receiver is a linear integrator. 

In this concept the receiver linearly adds the voltage output of 

N samples from the rectifier. Because of the time elapsing between 
Sampling, these samples are considered to be independent. The samples 
are considered to be either of signal~plus~noise or of noise alone. If 
the sum of the N samples exceeds the bias level calculated from the 
probability density function for W variates of noise alone, then a 
Signal is said to be present. 

The integrator may take the sum of the squares of the N variates, 
or, in general, the sum of N variates where each variate has been 
processed by some general function. As long as the same weight is 
applied to each variate, the integrator is called linear. 

The best possible function to produce integrable equations in 
the development of the detection theory is that given by a square law 
rectifier. Both Marcum and Kaplan show that linear rectification 
does not give very different results ( about 0.2 db). 

In discussing Yarcum's results the following terms will be used: 

Pdy - probability of detection; the probability that 
the sum of N samples of signal-plus-noise will 
exceed the bias level. 

¥ ~ integrator output for the sum of N variates. 


Yp - bias level. 





Xx - signal-to-noise power ratio of the input signal. 
[N - probability of a false target; the probability 
that the sum of N samples of noise alone will 
exceed the bias level. 

Since the receiver noise is normally distributed, there is a finite 
probability that the sum of N noise variates alone will exceed the bias 
level, Yp, no matter how high this may be set. This will result ina 
false target indication, or a false alarm. [n Marcun's mathematical 
model of a radar receiver this bias level is established at a level 
which will give a desired probability of false alarm from noise alone. 

This false alarm probability can be related to the time interval 
between false alarms. As explained above, values of the receiver out- 
put envelope 1/, f seconds apart are independent. Since the receiver 
Néise is present at all times, in a time interval T there are TeA f 
independent chances for a false alarm to occur from noise alone. Thus 
the probability of the occurrence of at least one false alarm is a 
function of time. Marcum has chosen to define the false alarm time 
as the time in which the probability is one-half that noise alone will 
not exceed the bias level. He has defined the false alarm number as the 
Te\ f independent chances for a false alarm in this false alarm time, T. 


With this description of the mathematical model, Marcum's results 


can be summarized: 
fy - Fin 2 = = (0-693) (5) 


where n is the false alarm number defined above (n= Te/\ f). 


fre 2-2(@ ya (6) 





where fe Goh Ss , is the incomplete gamma function. Tables of 
I (vu, p) have been compiled by Pearson /u/ ° 

In practice n and N are given and the desired result is the bias 
level Yp- Since the equation cannot be solved directly for\ yy, com- 
putations are facilitated if curves are first plotted showing the 
general relationship of equations (5) and (6). 

Knowing the required bias level for a given false alarm interval, 


the cumulative probability of detection for N variates of signal-plus- 


Owl 
-(Y + 
Pay = if (ix) re hes fy-a(2Qme) dy (7) 


Yb 


noise is 


where Ty (2 nxy) is the modified Bessel function. 

This integral is not solvable directly.in terms of well-known 
functions. For N=1 (the probability that one signal-plus-noise 
pulse, with signal-to-noise ratio x, exceeds the bias level Y;,) the 
equation has been solved by machine computation at the RAND Corporation. 
Since this function will be used in later developments, the solution 
is presented graphically in Figure 54 for various values of Yp- 

For NYl the solution to the detection integral has been show 


to be 


Pdy = = via) (2N-1l, N-l; . NX) (5) 
: n-m+l =r? B 4m-n ee 
where Tp (M)n,r) = 2 r e t e Tccge)) dy 
O 


is the incomplete Toronto function. Curves of this function are avail- 


able in reference (2). 





Peter Swerling, also of the RAND Corporation, hus extended 
Marcum's basic theory in two reports. [In the first [6/r has 
considered the effects of fluctuation in the amplitude of target 
echo signals on the probability of target detection. In general, 
two situations were investigated: (1) the target echo signals would 
have constant amplitude during the time for the radar antenna to 
scan past a target but would fluctuate independently from scan to 
scan; and (2) the amplitude of the target echo signals would fluctu- 
ate independently from pulse to pulse. 


For scan to scan fluctuations Swerling found 


_ Ye. 
Nel, Pc (9) 
Ye 
No Ll, Py = | — [lm ee a N-2 10 
dy = | — | + (10) 


) \W-! Cy ee ~ [ENX 
(ae) Ure 


where [ (uy, p) is the incomplete gamma function and x is the mean over 
all values. The target range at which there was a 904 probability 

of detection with scan to scan target echo fluctuations was found to 
be about 3/5 of that found for constant target echoes. The range for 
50%, probability of detection with scan to scan fluctuations was about 
9/10 of the range for constant echoes. 


For pulse to pulse fluctuations Swerlings results were 





Yo 
= _ arias = N - (11) 
mn | LDR ®) | 





The range for 90% probability of detection with pulse to pulse 

tibet echo fluctuations was about 19/20 of that for constant target 
echoes, and the range for 50% probability of detection was approximately 
equal to the range for constant echoes. 

In swerling's second report [7] a mathematical analysis was made 
of a so-called "double threshold" receiver, considering only interfer- 
ence from receiver noise. This is the type of receiver described 
earlier as having possible advantages in the suppression of false 
alarms from interfering pulses. The first threshold is the bias 
level Y,,- The receiver counts the number of pulses which exceed this 
bias level. A target is declared to be present if this number is at 
least equal to some fixed number y. [f there are N target echoes 
per scan, then us ye The number MW is called the second threshold. 

td Py represents the probability that a single signal-plus- 
noise pulse exceeds the bias level Yh (as defined in equation (7) and 
illustrated graphically in figure 5) then Swerling's results can be 
stated 

SN N-1 : ~ 
Pay ee Cs Oe Py) Py (12) 
where oy stands for the binomial coefficients. 

Swerling found that this method has a 0.5 to 1.0 db loss in 
Sensitivity as compared to a normal integrating receiver. ye also 
found that for any N there is an optimum value for y/N which, in 
the range of interest to present search radar systems, varied from 
M/N - 0.6 for N= 10 to ‘W/Nn-0O.h §# for N - 0. 


E. L. Kaplan has assumed the following detection procedure. The 


10 





rectified output is sampled at N different instants of time which 
are far enough apart so that the values of the noise are independent. 
If the average output at these instants exceeds the average noise 
level y by an amount ky or more, a signal is announced. The noise 
envelope at the output of a narrow band filter has a Rayleigh distri- 
bution (equation (2) ). The average of N such values (assuming in- 
dependence ) has a chi-square Cx) distribution with 2N degrees 
of freedom. This distribution is manipulated to obtain the desired 
expressions for the results. 

In a discussion of these results, wu is the standard normal 


deviate. And, using the previous notation, 





oo —uy 
[? : Pr(u7un) -{ € du 
N af ai 


2 
92) =a 
Py = Pr(upup) -{ € Saas ou ° 


“Pp aly 





For the steady target echo case, Kaplan's results give the Signal-to- 
noise ratio required to achieve the desired probability of detection 
with the desired false alarm probability. 
2 
Un - Up Uppy) + (Up -1)/3 
fn’ N 

Approximations in the derivations introduce some inaccuracy at nN = 1. 
Curves of X as a function of Ww are plotted in reference (1) for 


the steady target echo case and for the fluctuating target echo cases. 


Kaplan discusses the double threshold receiver and concludes that it 


1i 





requires a signal-to-noise ratio about 1.4 db above that which sufficed 
for equal performance using averages. 

All of this work on signal detection theory has been an application 
of the statistical theory of receiver noise to the pulsed radar 
situation. The probability of a false target indication and the 
false alarm number have been based on noise considerations alone. 
The effects of interfering pulses from other radars have not been 
included, although they will obviously increase the numbers of false 
alarms appreciably. 

A von general look at the semi-automatic radar systems coming 
into enation today indicates a desired false alarm time (false 
alarms from noise and from interfering pulses combined) in the order 
of a few minutes. False alarms occurring at intervals of one minute 
or greater can be handled satisfactorily in the automatic computers. 
The double threshold receiver will be analyzed for false alarm 
times of one minute and of ten minutes. 

preliminary analyses of the numbers of interfering pulses 
occurring in dense signal enviornments indicate that a radar in 
any one of the present operating bands must be equipped to handle 
interference amounting to thousands of pulses per second. The 
double threshold receiver will be analyzed for interference levels 


of 10,000, 30,000, and 50,000 pulses per second. 


a2 





CHAPTER III 
THE DOUBLE THRESHOLD RECEIVER - NON-FLUCTUATING TARGET ECHOES 


A double threshold receiver counts the number of pulses whose 
amplitude exceeds a preassigned bias level Y, (first threshold). 
Beyond this first threshold the pulse amplitude is not considered. 
If the number of pulses counted in one range gate in N_ successive 
radar repetition periods exceeds a preassigned number M (second 
threshold), a target is declared to be present. 

A false alarm occurs when either a burst of noise or an inter- 
fering pulse occurs in one range gate on mM of N_ successive repetition 
periods. To calculate the probability of a false alarm it is necessary 
first to determine the probability of the single occurrence of a 
noise pulse or an interfering pulse. This single occurrence probability 
is then used in a partial sum of the binomial expansion from MM to 
N to arrive at false alarm probability. 

In this analysis the envelope of the output is assumed to 
have a correlation time which is approximately equal to the range 
gate width. Thus a noise burst occurring in a range gate can be 
considered as occupying the entire range gate, and values of the 
envelope in adjacent range gates can be considered to be independent 
as far as random noise is concerned. 

All pulses, both target signals and interfering pulses, are 
assumed to be of duration equal to the range gate. An interfering 
pulse occurring at random in the repetition period will not coincide 
exactly with an established range gate but will overlap so that a 
portion of the pulse is in each of two successive range gates. 


Therefore, each pulse is considered to "ring" two adjacent range gates. 
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As a preliminary step in investigating false alarms from 
interfering pulses and receiver noise, it is convenient to calculate 
the effect that this double threshold receiver will have on inter- 
fering pulses alone. The following additional terms will be used: 

P(1) - the probability that one or more pulses will 
occur in one range gate. 

Pry - the probability that pulses will occur in one 
range gate on NY or more of " successive 
repetition periods (a false alarm). 

om - number of discrete range gates per second. 

19 - range gate width, = L/ ey ; 

S - average number of random interfering pulses 
per second. 

Assuming a random arrival of interfering pulses (a Poisson Model), 
the probability that one or more pulses will occur in a chosen range 
gate is 


Sy) re 
Ar = l-e (ee 


Bers 2 ate (14) 


Since in cases considered here en SK i » tne exponential can be 
represented by the first two terms cf its series expansion, and 
the desired probability becomes 
Piz) = @ns (15) 

Twice the range gate width is used in this expression since a pulse 
is assumed to ring two adjacent range gates. 

The probability of a false alarm in the chosen range gate becomes 

N ai N-i 


Pee SCH Pay (2 - PQy) (16) 
pray ; 


1h 





N 
Py = ay C or - a) (17) 


Figures 33 through 1 are working curves that show the partial sum 
of the binomial expansion [3] from MM to N for N = lO, N = 20, 
and N= 30. After Pal) has been found from the radar characteristics 
and from the density of interference, the probability of false alarm in 
a chosen range gate, Py» can be calculated (equation 16 or 17) by use 
of these figures. 

The receiver is assumed to have f discrete range gates per 
second, or Ye aeenere range gates in each repetition period. 
A double threshold radar receiver has Up, possibilities for a false 
alarm in a time interval equivalent to WN repetition periods. 


The probability of false alarm in this interval is 


Pa = be on )Pu (18) 

Figure I shows the effect of the second threshold on the probability 
of false alarm. from interfering pulses for N = 10, N = 20, and N = 30. 
In this figure the number of interfering pulses per second (S) 
multiplied by the gate width (% ) is equal to 0.05 (S n = iS = 005). 
This corresponds to 50,000 interfering pulses per second for a radar 
with a one microsecond gate width. 

Although this figure demonstrates the false alarm situation over 
a very short period of time, it is useful here to show the effect of 
varying the second threshold, y, for each value of N-. For each N there 
ls a very definite lower value for WW below which the double threshold 
technique offers no advantages in eliminating false alarms. For values 
of M above this lower limit the probability of false alarm decreases 


very rapidly with increasing yw. 
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Tt is now necessary to relate the probability of false alarm to 
a longer interval of time. [In this connection, use will be made oi the 
false alarm time, Tra » previously defined by Marcum (i.e., the time 
in which the probability is one-half that a false alarm will not occur). 


The probability of at least one false alarm in time 7 is 
Pra (T) ee es i (1-p io) : (1-p3)*- a “°F | (19) 


where Py is the probability that a false alarm will occur in the first 
range gate, etc.; and r_, the last range gate in the time interval, 


Tee! aoe 
equals N 


An interfering pulse is considered to ring two adjacent range 
gates. Therefore, the probability of false alarm in one range gate is 
not stochastically independent of the time of occurrence of interfering 
pulses in either adjacent gate. If a false alarm occurs in one 
range gate, the probability of a false alarm in an adjacent gate is 
increased. The effect of this dependence is examined in Appendix [. 

Tt is shown that an assumption of independence gives results which 
are very close, in the cases of interest here, to those that would 
be obtained by very lengthy calculations which would result from 

the exact consideration of dependence. Any error acts to make the 


curves presented here conservative representations of the exact 





results. 
-rp 7G, JP fo 
Pra(T) =1l-e “a Sages YN M 
For false alarm time, Tra» 1- Ppa = 3 (21) 
Pra 
Sze UN ae 
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_ Ag 


aa ae 2 
ine 2 = WN |e (22) 
it ee (1n 2) cies (op 
PM 
Al 
now, N= fa where n is the false alarm number. 





N 


Ope eee) (2h) 


Equation (23) relates Py to a false alarm time, while equation (2) 
relates Pre to a false alarm number. 

The equations for Py that have been developed so far have 
considered only the effects of random interfering pulses. To 
complete the picture, the effect of receiver noise must be considered. 
From equation (2), the probability that one noise pulse exceeds the 
established bias level is 


~Y. 
oe eS (25) 


Then the probability that an interfering pulse or, in the absence of 


such a pulse, a noise pulse will occur in a chosen range gate is t 


Y 
=) yaee 278)+ 2n8 (26) 


a) 


a Pei -25)+ 29 


And the probability of a false alarm in the chosen range gate is 
N 


a N i N-i 
May ” Pay (4 > Pay? te 


Figures 2 through 53 are further working curves based on equations 
(26) and (24). with a given density of interfering pulses and a given 


false alarm number, the resulting bias level is shown for various 


values of M and N. 


As shown in the equations above, the bias level, Y,, is determined 
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‘by the level of interference and the desired false alarm time. once 
this bias level has been established, it is possible to proceed to the 
calculation of the probability of detection of a target by the radar. 
From equation (7), the probability that one signal-plus-noise pulse, 
with signal-to-noise ratio xX, exceeds the bias level Y, is 
(i? 
oe “ _ Io (2 XY!) dy (26) 
Yp : 

Figure 5) shows this relationship for various values of Y,- 

Using this single signal probability Py: the desired probability 
of detection is the partial sum of the binomial expansion from ¥ to N. 

N N a N-i 
Py = C. Py (t-py) (29) 

In analyzing the double threshold receiver the false alarm number, 
n, was chosen as 6 x 10! or 6 x 10°, corresponding to false alarm 
times of one minute or ten minutes, respectively, for a radar receiver 
having a one microsecond gate width. with the bias level thus 
established, it is possible to display the relationship between the 
Signal-to-noise ratio, X, required to give a stated probability 
of detection and the value of the second threshold y. Figures 2 
through 1O show this relationshinv for various values of Pq amd N- 

In each figure there is evident an optimum value for yy. This 
optimum " is a function of the number of Aer ren ins pulses present; 
it increases, as would be expected, as the interference density 
increases. when interference is present the curves also show a 
minimum value for 4 below which the desired false alarm time cannot be 


realized. 


In each calculation all of the interfering pulses were assumed 
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to be large enough to pass the first threshold, Yp- The increase 
in signal-to-noise ratio required for a constant probability of 
detection as the numbers of interfering pulses increase is caused 
by the necessity for raising the first threshold to reduce the 
effect of the receiver noise. The probability of false alarms from 
noise must be reduced in this case in order to maintain the 
specified over-all false alarm time. 

On each curve the signal-to-noise ratio required for a single 
threshold integrating receiver in the absence of interfering pulses 
is shown. [It should be remembered that the specified false alarm 
time applies to this case only in the absence of interfering pulses. 

It is not possible to achieve the desired Tra with this type of 
receiver when interfering pulses are present without sucha large 
increase in bias level that practically all desired echo pulses would 
be eliminated. 

In all these figures, the curves relating to the integrating re- 
ceiver have been derived from conclusions in reference (2). 

In plotting these curves, the bias level, Yp» and the second thres- 
hold, M, were chosen so as to achieve the given false alarm time in the 
presence of interference. The signal-to-noise ratio required for the 
stated detection probability was calculated in the absence of inter- 
ference. No attempt was made to consider the increased probability 
of detection resulting from the simultaneous reception of an interfering 
pulse and a target echo pulse. Therefore, the curves represent upper 
limits for x in the presence of interference and give a conservative 
representation of the results. 


The expected range performance of a radar receiver using the 


i 





double threshold technique may be seen by plotting the probability 
of detection in one scan, Pysy against normalized range, Rao 
Ro in this expression is the solution to the familiar radar range 


equation for a signal-to-noise ratio of one. And 


Ri =e (30) 
Ro (X)4 


Figures 11, 12, and 13 show these range curves for radar receivers 








having N = 10, N = 20, and WN = 30. fn each figure range performance 
curves are given for three cases: (1) integrating receiver with no 
interference, (2) double threshold receiver with no interference, and 
(3) double threshold receiver with a maximum level of interference. 
The double threshold receiver in conditions of no interference 
exhibits a range capability approximately 5% below that for an 
integrating receiver operating under the same conditions. When 
interference is present the integrating receiver is no longer able to 
meet the false alarm specifications. The double threshold receiver 
which is able to achieve the desired false alarm time has a range 
capability between 5% and 10% below that for the integrating receiver 
operating with no interference. 

The range capability of the double threshold receiver is 
relatively insensitive to changes in the desired false alarm time. 
Figures 14 and 15 compare the range performances for several values 
of false alarm number, n. For a probability of detection of one-half 
an increase in false alarm number from 104 to 1010 (corresponding to 
an increase in false alarm time from 0.01 seconds to nearly 3 hours 
for a one microsecond range gate radar receiver) results in a loss 


of maximum range capability of about 20%. 
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CHAPTER IV 


THE DOUBLE THRESHOLD RFCEIVER - FLUCTUATING TARGET ECHOES 


The expected performance of the double threshold radar receiver 
with target echo signals which are fluctuating in amplitude can be 
calculated with the results of the previous section as a basis. 
Rather detailed pulse studies of the target echo signals from air- 
craft indicate that the most reasonable probability density for 


the signal-to-noise power ratio is 


~X/y 


if 
=F e x70 er) 


"(% X) 


where X = Signal-to-noise power ratio 

ie average of x over all fluctuations. 
This density must be apnlied to the case where the target echo 
amplitude fluctuates independently from pulse to pulse, and must 
be applied to the case where the target amplitude is assumed to 
be constant for a single scan (N periods) but to fluctuate indepen- 
dently from scan to scan. Most actual targets would probably 
present fluctuations which were somewhere between these two extreme 
situations. 

From equations (9) and (11), the probability that one signal-plus- 

noise pulse with average signal-to-noise power ratio X exceeds 


the bias level Yee 


“Tb/(1+ & 
Py = 8 ( ) (32) 
For pulse to pulse fluctuations, the probability of detection in a 


single scan with a double threshold receiver is 


21 





N 
i ee 
Pa a C, Py (1-Py) (33) 


As with the case of the non-fluctuating target echoes, the bias level, 
Yp» is determined by the desired false alarm time. This time is not 
affected by any fluctuations of the target echo signal. 

Figures 16 through 21 show the signal-to-noise ratio as a function 
of the second threshold when pulse to pulse fluctuations are assumed. 
For comparison purposes the same gate width, false alarm time, and 
numbers of interfering pulses have been chosen as for the curves in the 
corresponding non-fluctuating cases. The curves have the same general 
shape as for the curves in the non-fluctuating situation. Again there 
is a definite optimum value for \ and, when interference is present, 
there is a definite minimum value for yy. This minimum value of the 
second threshold is the same as for the corresponding non-fluctuating 
Casese The pulse to pulse target fluctuations cause an increase in the 
Signal-to-noise ratio that is required to achieve a stated probability 
of detection for values of MM approaching N, as compared to the non- 
fluctuating target echoes. Note that this increase made it necessary 
to use a two cycle logarithmic scale for X, while a one cycle logarith- 
mic scale has been adequate for all previous figures. 

Figures 22 through 2) show the probability of detection as a 
function of the normalized range when pulse to pulse target fluctuations 
are considered. These curves correspond to figures 11 through 13 for 
the non-fluctuating case. A comparison of the three figures indicates 
that the optimum range performance relative to an integrating radar 
receiver requires use of high values of WW when pulse to pulse fluctu- 
ations are present. For N = 30 the double threshold receiver with no 


pulse interference has a maximum range loss of about 10% relative to an 


ee 


o 





integrating receiver. For high interference levels this double 
threshold receiver has a range loss of about 20% relative to an 
integrating receiver operating without interference. 

When scan to scan target fluctuations are considered, the ex- 


pression for the probability of detection becomes 
Eat 
Pg =\ es e Pg! dx (34) 
O X 


where Py! is the detection probability for the corresponding non- 
fluctuating case. This expression cannot be solved in closed 
form and graphical integration methods have been used to obtain Py. 
Figures 25 through 27 show the probability of detection as a function 
of the normalized range for scan to scan fluctuations. The range 
performance of the double threshold radar receiver relative to the 
integrating receiver is seen to correspond approximately to the non- 
fluctuating case. A range loss of 5% to 10% occurs in the double 
threshold receiver as compared to the interference-free integrating 
receiver. This range performance is seen to be apparently independ- 
ent of N. 

A comparison of the fluctuating and non-fluctuating target echo 
cases is shown in Figure 28. for reasonably high probabilities 
of detection, target fluctuation is seen to have a very great effect 
on range performance. These curves correspond in shape and in rela- 


tive position to those computed by swerling for the integrating 


radar receiver fe] ; 
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CHAPTER V 
ANTENNA BEAM SHAPE EFFECTS 


The effect of the beam shape as a radar antenna scans past the 
target can be considered as a pulse to pulse fluctuation with a 
probability density function determined by the squared power 
pattern (the two-way pattern). A reasonable assumption for the 
beam shape is 2 

-XO 
f£(6)=X=%e for X> 4% (35) 
where X, is the signal-to-noise power ratio at the center of the 
beam. The details of the derivation of the beam density function are 
given in Appendix II. The resulting beam density function is 
0.423 
ee ix, =X > (36) 
x fin ym /X 


Graphical integration methods were used to determine the probability 





of detection. Figures 29 through 32 show the x vs-e M curves for 

N = 10 and N= 20, comparing the curves obtained in the non-fluctuating 

case with those obtained by considering beam shape losses. 
Consideration of beam shape does not alter the general shape 

of the curves. Jt introduces a constant loss in all curves. The 

effect of beam shape can be included in range calculations by 


applying a 1.5 db correction to the signal-to-noise power ratio. 


24 





CHAPTER VI 


CONCLUS IONS 


Analysis of the figures of performance of the double threshold 
type of radar receiver lead to the following general conclusions: 

1. fhe double threshold technique permits the retention of 
any reasonable false alarm time in the presence of large numbers 
of interfering pulses. 

2. Reasonable false alarm times are not possible with an inte- 
grating radar receiver in the presence of large numbers of inter- 
fering pulses. The double threshold receiver which does give the 
desired false alarm time results in a loss of maximum radar range 
of from 5% to 10% as compared to the integrating receiver operating 
in the absence of interference. 

3. Wor any value of N, the number of target echoes which are 
received when an antenna scans past the target, there is an optimum 
tne of M, the second threshold number. This optimum y increases 
with increase in the number of interfering pulses which must be handled. 

4.. Por any number of interfering pulses there is a minimum value 
of yw below which the desired false alarm time cannot be realized. 

5. Fluctuation in the amplitude of target echoes results in minor 
modifications in the value of M which is optimum, but fluctuation does 


not alter the minimum value of My which permits desired operation. 
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APPENDIX I 
STOCHASTIC DEPENDENCE OF FALSE ALARMS IN ADJACENT RANGE GATES 


The probability of at least one false alarm in time T is: 


Pan) 2s (2 - Pq) (1- Pye )(2 _ 2) ee 4 a 


where Pry is the probability that pulses will occur in the n-th range 
nh 

gate on M or more of N successive repetition periods (a false alarm 

in the n-th range gate); andr, the last range gate in the time 


interval T, equals T : 


N 
The probability of false alarm in one range gate is not independent 


of the time of occurrence of interfering pulses in either adjacent 
range gate. Jf a false alarm occurs in one range gate, the probability 
of a false alarm in an adjacent gate is increased. However, as only 
alternate gates are considered, the probabilities of false alarms 


are stochastically independent. 


for even numbered gates - - se 2 l- (2-ny,) (2-my,)- ws | 


even 
> “M 
- l- e : 
{ “ 
for odd numbered gates ~ - p -l- (a. l-p he ~ | 
“> Py 
- 1 - e 
Pe, (T) =P 
fa 
(18 oven mas fa cad) 
=P r om PP 
fa oven ae faoda (aan an and fac). 
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” 


but a x 
" (fagven and fajqq) miceren ee ondd faeven) 


45D 
ory 


wnere is the factor showing the increased probability of false 


so, Ppa (T) = 2 (lee 7M) - (2-e “™) (1-e 


alarm in one range gate when there has been a false alarm in an 


adjacent gate. o 


“rp -5P 
Pea (T) el -e@ M-gK Gl-e *§) 


Now, since P (faq +A) 


A. - 3Py 


odd | faeven) ~ 


r 
then OCA L e oP 


For the values of WM, WN, and Py are encountered in this discussion 
of the double threshold receiver, was found to be very close to 
zero. Typical values, obtained by enumerating the ways otf obtaining 
a false alarm in one range gate when a false alarm has occurred in the 


adjacent gate, are ; 


N M oA 

10 5 0.35 
10 7 0.077 
20 10 0.115 
20 1h 0.0043 


By assuming “A = O, the curves of false alarm number and of the per- 
formance of the double threshold receiver are conservative represen- 
tations of the exact values. [In most cases the difference between 
the curves obtained by assuming <= O and by calculating the 


correct value of “4 is too small to be shown graphically. 
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Therefore, 


= - ) 
Pe(T)zl-e © -~l-e PM, 


When Tf equals the false alarm time, Te, ? then 


Ppa e 
-(Pm_ yp 
and ze cal se 


Teg = (In 2) (Rn. es 
Pin 


By) 





APPENDIX II 


DERIVATION OF ANTENNA BEAM SHAPE DENSITY FUNCTION 






x 





wy 
po 
ee era A cee uae scmeen ae con bilRencs eeroeceretee Wem rina 
a - rama iti 
i © a 
| —! ve ea | 
5 RR Se 9-2 Se 
} ‘\ ‘3 = ee 
dx =f '(8)de AS* £6) 
P (%, FR AX ) = a £ x se XM. 
~o. F 
- AA 
; “f “o) 23 
é im 9 5% 
It is reasonable to assume {(O)=x= for x > 1 Yq 





since the same antenna is assumed for transmitted and received signals, 
the beamwidth is calculated between the 4x, points of this two-way 


power beam pattern. 
i ~e@” 
£ (8) = ~2PKO Xm = -27AQ % 


2. Xr 
Q"= 2 ln 


(9) = PAK ie by AM 


5 


etn Xtc) ae 


> ( (6) at y= = Aes ) 


PK X+de) dx = 423 dx 


the probability that a single signal-plus-noise pulse will exceed 


rx 


the bias level Yp is 
Ry’ ( 0, 7) ee 
"| XK) bia wing 


In this equation, is the probability of detection in one range gate 


aK 
if beam shape is not considered. The solution of this beam shape 


equation for py! has been carried out by graphical integration. 
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